Abstract Quantum chemical calculations based on the density functional theory (DFT) method were performed on five polydentate Schiff base compounds (PSCs), act as corrosion inhibitors for iron in aerated 2.0 M HNO 3 and 2.0 M NaOH, aiming to analyze the characteristics of the inhibitor/surface mechanism as well as to analyze the experimental data and to describe the structural nature of the inhibitor on the corrosion process. The relationship between molecular structure of PSC and their inhibition efficiencies was discussed. The inhibition effect has been investigated using weight loss, thermometric, potentiodynamic polarization measurements and quantum chemical study. Among the compounds studied, 4-(2-hydroxynaphthylideneamino) antipyrine (PSC_1) exhibited the best inhibition efficiency IE (%) 78.4 % at 10 -4 M at 303 K. The high IE of (PSCs) was attributed to the blocking of active sites by adsorption of inhibitor molecules on the iron surface. Adsorption of (PSCs) inhibitors is spontaneous, exothermic, obeyed Temkin isotherm and is regarded as physiochemical mechanism. Polarization measurements indicate that all the examined Schiff bases are of mixedtype inhibitor in HNO 3 ; causing only inhibition of the cathode process in NaOH. The results showed that the inhibition efficiency of PSCs increased with the increase in E HOMO and decrease in E LUMO -E HOMO ; and the areas containing N and O atoms are most possible sites for bonding the metal iron surface by donating electrons to the metal.
Introduction
Recently, Schiff base compounds have been of interest to obtain efficient corrosion inhibitors since they provide much greater inhibition by adsorption on metal surface compared with corresponding amines and aldehydes [1] [2] [3] [4] . The presence of the -C=N-group in Schiff base molecules enhances their adsorption ability and corrosion inhibition efficiency [5, 6] . Recent publications show increased attention to these compounds as corrosion inhibitors in typically acidic environments for various metals like iron, steel, aluminum and copper [7] [8] [9] . Schiff bases are conveniently and easily synthesized from relatively cheap material. Some polydentate Schiff base compounds (PSCs) containing aminic nitrogen have been found to be good inhibitors for mild steel in acidic medium [4] . Theoretical chemistry has been used recently to explain the mechanism of corrosion inhibition, such as quantum chemical calculations [10] [11] [12] . Quantum chemical calculations have been proved to be a very powerful tool for studying the mechanism [13] . Previously, some work has been done in our laboratory on Schiff bases [14] . The objective of this work was undertaken to investigate the inhibition of corrosion of iron in HNO 3 and NaOH by five PSCs to present a theoretical study on electronic and molecular structures of aminic nitrogen-containing PSCs and to determine relationship between molecular structure of the PSCs inhibitors and inhibition efficiency. The structural quantum parameters, such as the frontier molecular orbital energy HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital), have been calculated, discussed and correlated with inhibition efficiencies.
Experimental method Materials and chemicals
The investigated Schiff bases (PSCs) were prepared from 1:1 mol ratios of amine with the optimum salicylaldehyde and/or benzyl aldehyde through a condensation reaction in ethanoic media in a reflux condenser for 4 h. The solution was further concentrated, cooled in ice bath and the compound formed. The products were recrystallized twice from ethanol, washed by water and dried under vacuum to afford pale yellow crystals [14, 15] . The molecular structure of the synthesized Schiff base was determined by chemical analyses for the atoms, IR, UV-visible spectroscopic investigation; and mass spectroscopy techniques. The chemical structure and IUPAC name of synthesized compounds are given in Fig. 1 . The corrosion tests were performed on iron specimens of the following composition (wt%): C = 0.16, Mn = 0.37, Si = 0.05, S = 0.015 and remainder Fe. Iron specimens of size 2.0 9 2.0 9 0.1 and 10 9 1 9 0.1 cm were used for weight loss and thermometric measurements, respectively. Solution of 2.0 M HNO 3 and 2.0 M NaOH was prepared by dilution of Analar analytical grade using double distilled water. The concentration range of (PSCs) inhibitors employed was 5 9 10 -7 M-10 -4 M at 303 K.
Measurements

Weight loss measurements
Weight loss experiment experiments were done according to the standard methods as reported in literature [16] . The corrosion rates C R (mg cm -2 h -1 ) were calculated according to the following equation [17, 18] :
where Wb and Wa are coupon weights measured before and after immersion in the test solutions, A is the exposed area and t is the exposure time (6 h). The inhibition efficiency IE (%) was calculated according to the following equation [19] :
where C R and C R (inh) are the values of corrosion rate (mg cm -2 h -1 ) of iron in uninhibited and inhibited solutions, respectively.
Thermometric measurements
The reaction vessel used was basically the same as that described by Mylius [20] . An iron piece (10 9 1 9 0.l cm) was immersed in 30 cm 3 of either 2.0 M HNO 3 and/or 2.0 M NaOH in the absence and presence of additives, and the temperature of the system was followed as a function of time. The procedure for the determination of the metal dissolution rate by the thermometric method has been described previously [20, 21] . The reaction number (RN) is defined [22] as: 
where T max and T i , are the maximum and initial temperatures, respectively, and t is the time (in minutes) required to reach the maximum temperature. The percent reduction in RN [23] is then given as:
% Reduction in RN ¼ ðRN freeÀRN inhÞ RN free Â 100 ð4Þ
Electrochemical measurements
A conventional three-electrode cell was used with a 1.0 cm 2 Pt sheet as the counter electrode which was separated from the main cell compartment by a glass sinter. The potentials of the working electrode were referred to a saturated calomel electrode (SCE). To avoid contamination, the reference electrode was connected to the working electrode through a salt bridge filled with the test solution. The tip of the bridge was pressed against the working electrode to compensate the ohmic drop. Prior to each experimental measurement, the solution under investigation (25 cm 3 ) was freed of oxygen by passing prewashed pure nitrogen through it for a sufficient time. Measurements were performed on a planar disk electrode (A = 1 cm 2 ). The iron electrodes were carefully degreased, and the edges were masked by appropriate resins (Duracryle, Spofa-Dental, and Praha). The surface of the iron electrodes was prepared by mechanical grinding and polishing as given elsewhere [24, 25] . The electrodes were rinsed in an ultrasonic bath containing bid stilled water and finally washed with bid stilled water immediately before being immersed in the cell. The pretreatment procedure was repeated before each experiment. Anodic and cathodic potentiostatic polarization of iron electrodes was measured with a Wenking Potentioscan model POS 73. Potentials and currents were determined by digital multi meters. Corrosion current densities (I corr ) were determined by extrapolation of the anodic and cathodic Tafel lines to the free corrosion potential value (E corr ). Each experiment was conducted with a freshly prepared solution and with newly polished electrodes. The cell temperature was kept constant at 303.0 ± 1.0 K in an ultra-thermostat.
The inhibition efficiencies at different inhibitor concentrations were calculated using the following equation:
where I corr and I corr (inh) are the corrosion current densities for uninhibited and inhibited solutions, respectively.
Spectrophotometric measurements
UV-visible absorption spectrophotometric method was applied on the corrosive solutions produced from the corrosion of iron samples, either without or with PSC_1 and PSC_2 in 2.0 M HNO 3 ; and PSC_1 and PSC_5 in 2.0 M NaOH, respectively. All the spectra measurements were carried out using a Perkin-Elmer UV-Visible Lambda 2 spectrophotometer (Fig. 2) . Theory and computational details Density functional theory (DFT) methods were used in this study. In agreement with the DFT results, energy of the fundamental state of a polyelectronic system can be expressed through the total electronic density and, in fact, the use of electronic density instead of the wave function for calculating the energy constitutes the fundamental base of DFT [26] . The initial geometry optimizations and frequency calculations were done at the Hartree-Fock (HF) level of theory using the standard 6-31G* basis set which requests that a set of d function be included for each atom heavier and P function for hydrogen. The HF geometry was later reoptimized using DFT with frequency calculation using 6-31G** basis set. The frequency calculation were carried out to confirm the local structures forms. The calculations were done using the Becke's Three Parameter Hybrid Method (B3) [27] employing the correlation functional of Lee, Yang and Parr (LYP) [28] ; including both local and non-local terms. All calculations are performed using the Gaussian09W program [29] . Single point calculations were carried for the optimized structures using B3LYP/6-311??G** level of theory. The natural bonding orbital's' (NBO) calculations [30] were performed using NBO 3.1 program as implemented in the Gaussian 03 package at the DFT/B3LYP/6-311G(d, p) level to explore the charge distribution for the studied compounds.
Results and discussion
Previously, some work has been done in our laboratory on Schiff base inhibitors on iron [14] . In the present study, the relations between the experimental inhibition efficiency IE (%), using weight loss, thermometric and electrochemical measurements of the Schiff bases in 2.0 M HNO 3 and in 2.0 M NaOH solutions and some quantum parameters (such as HOMO energy and LUMO energy) have been discussed. Quantum chemical calculations have been proved to be a very powerful tool for studying the mechanism, as well as to analyze the experimental data.
Chemical and electrochemical measurements
For the chemical methods, a weight loss measurement is ideally suited for long-term immersion test. The thermometric results reported in Table 1 reveal that the inhibition efficiency of the PSC_1 additive (as example) for all (PSCs), as determined from the percentage reduction in RN, increases with increasing concentration of the additives.
According to Ferreira and others [31, 32] if the displacement in (E corr ) values (1)[85 mV in inhibited system with respect to uninhibited, the inhibitor could be recognized as cathodic or anodic type and (2) if displacement in E corr is \85 mV, it could be recognized as mixed type. For studied (PSCs) inhibitors, the maximum displacement range was 20-60 Mv towards cathodic region, which indicates that all studied (PSCs) are mixed-type inhibitors [33] in the acidic medium. The maximum displacement range was 95-139 mV towards cathodic region in 2.0 M NaOH, which indicates that all studied (PSCs) are cathodic type inhibitors in alkaline medium. The values of corrosion parameters are listed in Table 2 . The values of corrosion current density (I corr ) decreased in the presence of PSCs which suggests that the rate of electrochemical reaction was reduced due to the formation of a barrier layer over the iron surface by the inhibitor molecule. From Table 2 , it is also clear that the values of cathodic and anodic Tafel slope constant are slightly changed in the presence of all PSCs. This suggest that studied inhibitors were first adsorbed onto the iron surface and impeded by merely blocking the reaction sites of the metal surface without affecting the anodic and cathodic reaction [34] . Polarization resistance value increases with increasing inhibitor concentration, which suggests the retardation of iron corrosion in inhibited solutions with respect to uninhibited. The anodic dissolution of iron and cathodic reactions in acidic and/or alkaline media has been reported to proceed as follows [35] :
where 'rds' stands for rate-determining step. As a result of these reactions, including the high solubility of the corrosion products, it is evident that the weight loss of iron increases with time. It may also suggest that the iron corrosion by HNO 3 and NaOH is a heterogeneous process involving several steps. The temperature-time curves provide a mean of differentiating between weak and strong adsorption. The thermometric data are depicted in Table 2 . It is evident that the dissolution of iron in 2.0 M HNO 3 starts from the moment of immersion. On increasing the concentration of the inhibitor from (5 9 10 -7 -1 9 10
M) the value of T max decreases, whereas the time (t) required reaching T max increases, and both factors cause a large decrease in (RN) and increase in (% red RN). This indicates that the studied synthesized PSCs retard the dissolution presumably by strongly adsorption onto the metal surface. The extent of inhibition depends on the degree of the surface coverage (h) of the iron surface with the adsorbate. Iron, as an active element, always carries an air formed oxide, which specifically and very strongly adsorbs H ? and OH -ions according to the Eqs. (8-10). These reactions take place along the incubation period. The heat evolved from the above reactions accelerates further dissolution of the oxide and activates the dissolution of the iron metal exposed to the aggressive medium.
Quantum chemical studies
Density functional theory is simpler than quantum mechanics. The interest has grown in understanding the structure, properties, reactivity, and dynamics of atoms, molecules and clusters for the study of reaction mechanism [36] . Furthermore, atomic charges are used for the description of the molecular polarity of molecules. Frontier orbital theory is useful in predicting adsorption centers of the inhibitor molecules responsible for the inter-action with surface metal atoms [13] . Terms involving the frontier MO could provide dominative contribution, because of the inverse dependence of stabilization energy on orbital energy difference. Moreover, the gap between the HOMO and LUMO energy levels of the molecules was another important factor that should be considered. Reportedly, excellent corrosion inhibitors are usually those organic compounds who not only offer electrons to unoccupied orbital of the metal, but also accept free electrons from the metal [11] . In the present investigation, quantum chemical calculation using DFT was employed to explain, correlate, confirm and support the experimental results [14, 37, 38] to give insight into the inhibition action of PSCs on the iron surface. For the purpose of determining the active sites of the inhibitor molecule, three influence factors: natural atomic charge, distribution of frontier orbital, and Fukui indices are considered. Highest occupied molecular orbital energy (E HOMO ) and lowest unoccupied molecular orbital energy (E LUMO ) are very popular quantum chemical parameters. These orbitals, also called the frontier orbitals, determine the way the molecule interacts with other species. The HOMO is the orbital that could act as an electron Table 2 Polarization parameters and corresponding inhibition efficiency for the iron in 2.0 M HNO 3 and 2.0 M NaOH with and without addition of 1 9 10 donor, since it is the outermost (highest energy) orbital containing electrons. The LUMO is the orbital that could act as the electron acceptor, since it is the innermost (lowest energy) orbital that has room to accept electrons. According to the frontier molecular orbital theory, the formation of a transition state is due to an interaction between the frontier orbitals (HOMO and LUMO) of reactants [39] . The energy of the HOMO is directly related to the ionization potential and the energy of the LUMO is directly related to the electron affinity. The HOMO-LUMO gap, i.e., the difference in energy between the HOMO and LUMO is an important stability index. A large HOMO-LUMO gap implies high stability for the molecule in chemical reactions [40] . The concept of ''activation hardness'' has been also defined on the basis of the HOMO-LUMO energy gap. The qualitative definition of hardness is closely related to the polarizability, since a decrease of the energy gap usually leads to easier polarization of the molecule [41] . Table 3 presents the correlation between the calculated energy levels HOMO, LUMO and the measured inhibition efficiencies IE (%) of PSCs at 303 K. According to Emregül [4] , when length of aminic nitrogen-containing carbon bone chain increased, the corrosion inhibition efficiency increased significantly. The quantum chemistry calculation in this study revealed that as the length increases, the HOMO energy level boosted significantly while the energy gap dropped sharply. The linear correlation between MO energy level and the corrosion inhibition efficiency of the PSCs (Figs. 3, 4, 5) proved that the higher the HOMO energy of the inhibitor, the greater the trend of offering electrons to unoccupied d orbital of the metal, and the higher the corrosion inhibition efficiency for iron in HNO 3 acid and NaOH solutions; in addition, the lower the LUMO energy, the easier the acceptance of electrons from metal surface, as the HOMO-LUMO energy gap decreased and the efficiency of inhibitor improved. The relationship between corrosion IE (%) and HOMO energy levels is plotted in Fig. 3 . As Table 3 Total energy (E total ), hardness (g), dipole moment (l) and inhibition efficiency (IE) at the inhibitor concentration of 0.1 m M for PSC molecules 1-5 calculated using DFT at the B3LYP/6-311??G** level of Theory basis set clearly seen in the figure, the inhibition efficiency increased with the E HOMO level rising. In Fig. 4 , IE (%) is plotted against the LUMO energy, showing that the inhibition efficiency reduced with the E LUMO level increase. The relationship between the inhibition efficiency and the energy gap (E LUMO -E HOMO ) is negative as shown in Fig. 5 . The total energy (E total ) calculated by quantum chemical methods is also a beneficial parameter. The total energy of a system is presented in Fig. 6 , and is composed of the internal, potential, and kinetic energy. Hohenberg and Kohn [42] proved that the total energy of a system including that of the many body effects of electrons (exchange and correlation) in the presence of static external potential (for example, the atomic nuclei) is a unique function of the charge density. The minimum value of the total energy functional is the ground state energy of the system. The electronic charge density which yields this minimum is then the exact single particle ground state energy. The most widely used quantity to describe the polarity is the dipole moment (l) of the molecule. Dipole moment (l) is the measure of polarity of a polar covalent bond. It is defined as the product of charge on the atoms and the distance between the two bonded atoms. The total dipole moment, however, reflects only the global polarity of a molecule. For a complete molecule, the total molecular dipole moment may be approximated as the vector sum of individual bond dipole moments (Fig. 7) . The lowest unoccupied molecular orbital (LUMO) density of (PSCs) using DFT at the B3LYP/6-311??G** level energy of the lowest unoccupied molecular orbital, signifies the electron receiving tendency of a molecule. The Mulliken charge populations of the five PSCs are also presented in Fig. 10 . It can be seen that the area of carbon bone chain containing aminic nitrogen, hydroxyl, and methyl charged a large electron density and might form adsorption active centers. Accordingly, the difference between E LUMO and E HOMO energy levels (DE = E LUMO -E HOMO ) and the dipole moment (l) was also determined. The global hardness (g) is approximated as DE/2, and can be defined under the principle of chemical hardness and softness [43] . These parameters also provide information about the reactive behavior of molecules and are presented in Table 3 . From Figs. 8 and 9, it could be seen that PSCs have similar HOMO and LUMO distributions, which were all located on the entire PSCs moiety. This is due to the presence of nitrogen and oxygen atoms together with several p-electrons on the entire molecule. Thus, unoccupied d orbital of Fe atom can accept electrons from inhibitor molecule to form coordinate bond. Also the inhibitor molecule can accept electrons from Fe atom with its anti-bonding orbital's to form back-donating bond. Figure 11 shows B3LYP/6-311G** selected bond length for the optimized geometry of the studied compounds calculated for PSCs. It has been reported that the more negative the atomic charges of the adsorbed centre, the more easily the atom donates its electron to the unoccupied orbital of the metal [43] . It is clear from Fig. 11 that nitrogen and oxygen as well as some carbons atoms carry negative charge centers which could offer electrons to the iron surface to form a coordinate bond. This shows that the two N and O atoms are the probable reactive sites for the adsorption of iron. Higher values of E HOMO are likely to indicate a tendency of the molecule to donate electrons to appropriate acceptor molecules with low energy or empty electron orbital. It is evident from Table 3 that PSCs has the highest E HOMO and a lower E HOMO in the neutral form. This means that the electron-donating ability of PSCs is weaker in the neutral form. This confirms the experimental results that interaction between PSCs and iron is electrostatic in nature (physisorption). The energy of the LUMO is directly related to the electron affinity and characterizes the susceptibility of the molecule towards attack by neucleophiles. The lower the values of E LUMO , the stronger the electron accepting abilities of molecules. It is clear that the protonated form of PSCs exhibits the lowest E HOMO , thus the protonated form is the most likely form for the interaction of iron with PSCs molecule. Low values of the energy gap (DE) will provide good inhibition efficiencies, because the excitation energy to remove an electron from the last occupied orbital will be low [44] . A molecule with a low-energy gap is more polarizable and is generally associated with a high chemical reactivity and low kinetic 
stability, and is termed soft molecule [45] . According to Wang et al. [46] , adsorption of inhibitor onto a metallic surface occurs at the part of the molecule which has the greatest softness and lowest hardness. The results show that PSCs in the protonated form have the lowest energy gap and lowest hardness; this agrees with the experimental results that PSCs could have better inhibitive performance on iron surface, i.e., through electrostatic interaction Fig. 11 Mulliken orbital charges populations analysis of (PSC) using DFT at the B3LYP/ 6-311G** basis set level between the cation form of PSCs and the vacant d-orbital of iron (physisorption). PSCs had the highest inhibition efficiency because it had the highest HOMO energy values, and it had the greatest ability of offering electrons. This also agrees well with the value of DG°a ds obtained experimentally (Table 4 ). The dipole moment (l) is another important electronic parameter that results from non-uniform distribution of charges on the various atoms in a molecule. It is mainly used to study the intermolecular interactions involving the Van der Waals type dipoledipole forces, etc., because the larger the dipole moment as shown in Table 3 , the stronger will be the intermolecular attraction [45] . The dipole moment of PSCs is highest in the protonated form [l = 8.641 Debye (28.818 9 10 -30 Cm)], which is higher than that of H 2 O (l = 6.23 9 10 -30 Cm). The high value of dipole moment probably increases the adsorption between chemical compound and metal surface [47] . Accordingly, the adsorption of PSC molecules can be regarded as a quasi-substitution process between the PSC compound and water molecules at the electrode surface. Frontier orbital energy level indicates the tendency of bonding to the metal surface. Further study on the formation of chelating centers in an inhibitor requires the information of spatial distribution of electronic density of the compound molecules [48] . The structure of the molecules can affect the adsorption by influencing the electron density at the functional group. Generally, electrophiles attack the molecules at negative charged sites. As seen from Fig. 10 , the electron density focused on N atoms, O atoms, and C atoms in methyl. The regions of highest electron density are generally the sites to which electrophiles attacked. So, N, O, and C atoms were the active center, which had the strongest ability of bonding to the metal surface. On the other side, HOMO (Fig. 8 ) was mainly distributed in the areas containing aminic nitrogen. Thus, the areas containing N atoms were probably the primary sites of the bonding. As shown in Table 3 , the values of HOMO energy increases with increasing length of carbon bone chain containing aminic nitrogen. Similar situation can be also seen in Figs. 10 and 11, the configuration changes led to the increase in electron density, and inhibition efficiency was enhanced by increase in HOMO energy and electron density. It is concluded the region of active centers transforming electrons from N atoms to iron surface. The electron configuration of iron is [Ar] 4s 2 3d 6 ; the 3d orbitals are not fully filled with electrons. N heteroatom has lonely electron pairs that are important for bonding unfilled 3d orbitals of the iron atom and determining the adsorption of the molecules on the metal surface. PSC_1 had the highest inhibition efficiency among the PSCs, which was resulted from the geometry change that led to HOMO energy increase and electron density distribution in the molecule. Based on the discussion above, it can be concluded that the PSCs molecules have many active centers of negative charge. In addition, the areas containing N and O atoms are the most possible sites of bonding metal surface by donating electrons to the metal iron.
Kinetics of iron corrosion in HNO 3 with and without PSCs
The kinetics of iron corrosion with and without different concentrations of PSCs in 2.0 M HNO 3 was studied at 303 K by fitting the corrosion data into different rate laws.
Correlation coefficients R
2 were used to determine the best rate law for the corrosion process. The rate laws considered were [49] :
Second-order:
where W o is the initial weight of iron, W t is the weight loss of iron at time t and k is the rate constant. By far the best result was obtained for first-order kinetics. The plot of ln Wt against t which was linear ( Fig. 12 ) with good correlation coefficients (R 2 [ 0.9) confirms first-order kinetics for the corrosion of iron in 2.0 M HNO 3 in the absence and presence of PSC_1. The corrosion rate of iron in nitric acid medium is under anodic control [35] which is: Time (min.) Fig. 12 The plot of ln Wt against t for iron corrosion in 2.0 M HNO 3 with and without inhibitor (PSC_1)
where 'rds' stands for rate-determining step. Figure 12 reflects the reaction order with respect to iron. This result suggests that the presence of PSC does not influence the anodic reaction order. The linearity of the curves in the absence and presence of PSC implies that its presence does not change the kinetics of the corrosion reaction though the rate might be considerably reduced. Similar report has been documented elsewhere [50] . The half-life (t 1/2 ) value was calculated [51] using the following relationship:
The values of rate constant and half-life periods obtained are calculated and summarized. The value of the rate constant (k) was found to be higher in the case of inhibited iron samples (0.087) than uninhibited samples (0.049) whereas half-life (t 1/2 ) was found to be lower in the presence of inhibitor (8.0 min) than in its absence (14.0 min). This implies that the corrosion rate is higher in the absence of inhibitor than with inhibited mild iron samples. Similar results were reported on the kinetics of some organic compounds [52, 53] . Another indication of the rate of a firstorder reaction is the time constant, s, [53] . The time required for the concentration of the reactant to fall to 1/2 e of its initial value. The calculated values of the time constants are also presented and correlated. The results show that the time constants were lower (11.58 min) in the presence of PSC_1 than in its absence (20.26 min) . This confirms that the presence of the (PSC) inhibitor decreases the dissolution of iron.
Adsorption isotherm and thermodynamic consideration
The adsorption isotherm can be determined if the inhibitor effect is due mainly to the adsorption on the metal surface (i.e., to its blocking). The type of the adsorption isotherm can provide additional information about the properties of the tested (PSCs). Several adsorption isotherms were assessed, and the Temkin adsorption isotherm was found to provide the best description of the adsorption behavior of the investigated inhibitors. The Temkin isotherm is given by the equation [54] :
The plots of logarithmic concentration of PSC inhibitors (log C) vs. the surface coverage (h) of inhibitors gave straight lines. Consequently, the adsorption of Schiff bases and Schiff base-metal complexes on the surface of iron was found to be governed by the Temkin adsorption isotherm [55] namely:
where C is the concentration of the additive in the bulk of the solution, (h) is the degree of coverage of the iron surface by the adsorbed molecules; a and b are constants. K ads are the equilibrium constant for the adsorption process and it is calculated and tabulated in Table 4 . The value of K ads was calculated as 36307 M -1 for PSC_1 in HNO 3 acid at 303 K. The relatively high value of adsorption equilibrium constant reflects the high adsorption ability of PSCs on iron surface [56] . The standard free energy of adsorption (DG°a ds ) is related to adsorption constant (K ads ) with the following equation [57] :
where R is the universal gas constant (kJ mol -1 K -1 ) and T is the absolute temperature (K). The value of 55.5 is the molar concentration of water in solution expressed in mol L -1 . Using the Eq. (17), the calculated values of DG°a ds and K ads of the synthesized PSC inhibitors are listed in Table 4 . The negative values of DG°a ds indicate the spontaneous adsorption of these molecules on the metal surface [58] and strong interactions between inhibitor molecules and the metal surface [59] . The DG°a ds was calculated as -16.33 kJ mol -1 for the same compound PSC_1 in HNO 3 acid. The value of DG°a ds indicates the strong interaction between inhibitor molecules and the Fe surface. It is well known that values of DG°a ds of the order of 12-16 kJ mol -1 or lower in acidic and alkaline solutions (Table 4) indicate a physisorption mechanism. In addition to electrostatic interaction, there may be some other interactions [60, 61] . The high K ads and DG°a ds values may be attributed to higher adsorption of the inhibitor molecules at the metal-solution interface [62] . In physisorption process, it is assumed that acid anions such as NO 3 -ions are specifically adsorbed on the metal surface, donating an excess negative charge to the metal surface. In this way, potential of zero charge becomes less negative which promotes the adsorption of inhibitors in cationic form [63] ; those of order of 40 kJ mol -1 or higher involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond (chemisorptions) [64] . Straight lines of CInh/h versus CInh plots indicate that the adsorption of the inhibitor molecules on the metal surface obeyed Temkin adsorption model (Fig. 13) . This isotherm can be represented as:
The strong correlation coefficients of the fitted curves are around unity (r = 0.94). This reveals that the inhibition tendency of the inhibitors is due to the adsorption of these synthesized molecules on the metal surface [65] (Table 4) . The slopes of the CInh/h versus CInh plots are close to :1.38 in case of nitric acid, whereas :2.53 in the case of NaOH solution which indicates the ideal simulating and expected from Temkin adsorption isotherm [65] . K ads values were calculated from the intercepts of the straight lines on the CInh/h axis [66] . Generally, the relatively high values of the adsorption equilibrium constant (K ads ) as given in Table 4 reflect the high adsorption ability [58, 59] of the PSC molecules on the iron surface. To evaluate the kinetic parameters and correlate them to their corrosion inhibition mechanism, it is now of value to analyze the kinetic data obtained in the presence of the studied PSC inhibitors from the stand point of the generalized mechanistic scheme proposed by El-Awady et al. [67, 68] . The correlation between kinetic-thermodynamic model and adsorption data for iron corrosion in 2.0 M HNO 3 and 2.0 M NaOH solutions at 303 K in presence of PSCs is given in Eq. 20.
where y is the number of inhibitors molecules [I] occupying one active site, and K 0 is a constant. The relationship in Eq. (20) gives a satisfactory linear relation. Hence, the suggested model fits the obtained experimental data. The slope of such lines is the number of inhibitor molecules occupying a single active site, (y) and the intercept is the binding constant (log K 0 ). As mentioned, 1/y gives the number of active sites occupied by a single organic molecule and K 0y is the equilibrium constant for the adsorption process. The binding constant (K b ) corresponding to that obtained from the known adsorption isotherms curve fitting is given by the following equation: Table 4 comprises the values of 1/y and K b for the studied (PSCs). This table shows the number of active sites occupied by one molecule in the case of PSCs (1/y : 4 -11). Values of 1/y greater than unity imply the formation of multilayer of the inhibitor molecules on the metal surface, whereas values of 1/y less than unity indicate that a given inhibitor molecule will occupy more than one active site [69] . According to the proposed kineticthermodynamic model, the adsorption takes place via the formation of multilayer of the inhibitor molecules on the iron electrode surface. The slope values do not equal unity (gradient slopes \1) and, hence, the adsorption of these synthesized PSCs on iron surface does not obey a Langmuir adsorption isotherm [70, 71] . Temkin adsorption isotherm (Eq. 16) represents best fit for experimental data obtained from applying PSCs as chemical inhibitors on iron in 2.0 M HNO 3 and 2.0 M NaOH solutions. The values of K ads (equilibrium constant of the inhibitor adsorption process) and (f) are tabulated in Table 4 . The lateral interaction parameter (f) has negative values; this parameter is a measure of the degree of steepness of the adsorption isotherm. The adsorption equilibrium constant (K ads ) calculated from Temkin equation acquires lower values than binding constant (K b ) obtained and calculated from the kinetic-thermodynamic model. The lack of compatibility of the calculated (Kb) and experimental (K ads ) values may be attributed to the fact that Temkin adsorption isotherm is only applicable to cases where one active site per inhibitor molecule is occupied. The lateral interaction parameter was introduced to treat deviations from Langmuir ideal behavior, whereas the kinetic-thermodynamic model uses the size parameter. The values of the lateral interaction parameter (-f) were found to be negative and increase from :23 to 38. This denotes that an increase in the adsorption energy takes place with the increase in the surface coverage (h). Adsorption process is a displacement reaction involving removal of adsorbed water molecules from the electrode metal surface and their substitution by inhibitor molecules. Thus, during adsorption, the adsorption equilibrium forms an important part in the overall free energy changes in the process of adsorption. It Fig. 13 Relation between C Inh.and C Inh/surface coverage of (PSC -1) for iron in HNO 3 and NaOH at 303 K has been shown [72] that the free energy change (DG°a ds ) increases with increase in the solvating energy of adsorbing species, which in turn increases with the size of hydrocarbon portion in the organic molecule and the number of active sites. Hence, the increase of the molecular size leads to decreased solubility, and increased adsorbability. The large negative values of the standard free energy changes of adsorption (DG°a ds ), obtained for PSCs, indicate that the reaction is proceeding spontaneously and accompanied with a high efficient adsorption. However, the large difference values of the binding constant (K b ) from the kinetic model compared with the modified equilibrium constant values (K ads ) from Temkin equation are incompatible (Table 4) , mean better inhibition efficiency of the investigated synthesized PSCs, i.e., stronger electrical interaction between the double layer existing at the phase boundary and the adsorbing molecules. In general, the equilibrium constant of adsorption (K ads ) was found to become higher with increasing the inhibition efficiency of the inhibitor studied as given in Table 4 .
Mechanism of corrosion inhibition
Weight loss, thermometric, polarization and inhibition efficiency (IE) for PSC molecules 1-5 calculated with concentration of: 1 9 10 -4 M at 303 K are collected in Table 5 . From the experimental and theoretical results obtained, we note that a plausible mechanism of corrosion inhibition of iron in aerated 2.0 M HNO 3 and 2.0 M NaOH using (PSCs) may be deduced on the basis of adsorption. The transition of metal/solution interface from a state of active dissolution to the passive state is attributed to the adsorption of the inhibitor molecules and the metal surface, forming a protective film [73] . Thermodynamic parameters showed that the adsorption of PSCs on the iron surface either in acidic and/or alkaline solutions is physical than chemical one. The adsorption of PSC arises from the donor acceptor interactions between free electron pairs of hetero atoms and p electrons of multiple bonds as well as phenyl group and vacant d orbitals of iron [6, 74] . It has been reported that the adsorption of heterocyclic compounds occurs with the aromatic rings sometimes parallel, but mostly normal to the metal surface. The orientation of molecules could be dependent on the pH and/or electrode potential. However, more work should be completed to confirm the above arguments [75] . In the case of parallel adsorption of inhibitor molecules, the steric factors also must be taken into consideration. The adsorption of organic molecules on the solid surfaces cannot be considered only as purely physical or as purely chemical adsorption phenomenon. In addition to the physical adsorption, inhibitor molecules can also be adsorbed on the iron surface via electrostatic interaction between the charged metal surface and charged inhibitor molecule if it is possible. The calculated standard free energy of adsorption has been found close to -17 kJ mol -1 (Table 4) , which can be explained as physical rather than chemical adsorption. If the contribution of electrostatic interactions takes place, the following adsorption process can additionally be discussed. The essential effect of Schiff bases as corrosion inhibitors is due to the C=N group in the molecules Schiff bases, p electrons on the aromatic rings, mode of interaction with the metal surface and the formation of metallic complexes [3, 76, 77] . The unshared and p electrons interact with d orbital of Fe to provide a protective film. Five Schiff bases investigated in the present study have one, two, and/or three benzene rings: one hetero nitrogen-five member ring and C=N group. The optimized geometry of Schiff bases (PSC_1-5) is presented in Fig. 11 . According to Fig. 11 , each molecule of Schiff bases has an OH group in the ortho position for PSCs (1-4), and in para position for PSC_5, one group C=N presence between benzene rings and the hetero nitrogen-five member ring. In addition, PSC_ 1 and PSC_ 2 has an excess O atom in the ortho position and two CH 3 groups in o-and m-positions at the hetero nitrogenfive member ring linked to carbon of C=N group. The inhibition efficiency IE (%) values of Schiff bases (1-5) at a common concentration of 0.1 mM (Table 5) 
The quantum results were used to explain different inhibition effectiveness of the Schiff base molecules. From optimized geometry of Schiff bases given in Fig. 11 , it can be observed that all (PSCs) have approximate planar structure. Thus, the adsorption of studied Schiff bases on iron surface would take place through C=N groups, benzene rings, methyl and hydroxyl functional groups. PSC_ 1 and PSC_2 have the highest percentage inhibition efficiency. This is due to the large size of antipyrine category which makes better surface coverage and hence the highest inhibition efficiency is obtained. PSC_ 1 displays the highest inhibition efficiency; this is due to the presence of additional benzene ring in its structure which enhances the electron density on the inhibitor in addition to its higher molecular area. IE (%) of PSC_3 is higher than that of PSC_4, due to the presence of an additional benzene ring in the arylidene part of the additive, which increases the area of the adsorbed molecule and consequently makes better surface coverage on the metal surface than in the case of the other additives PSC_4 and PSC_5. IE (%) of PSC_4 is higher than that of compound PSC_5, which can be explained on the basis that the basic strength of the C=N group is insufficient to permit the formation of stable complex through a simple coordination bond with the metal ion through the lone pair of the nitrogen atom. Therefore, a functional group with a replaceable hydrogen ion (OH group) in the ortho position of PSC_4 enhances the formation of a stable chelate complex with the corroding metal ions. Consequently, both the Schiff base inhibitor and Schiff base-metal complexes (Fig. 2) can be adsorbed or deposited on the iron surface, hence causing an additional inhibition of iron corrosion [78] . Finally, PSC_5 comes at the end of all the investigated PSC compounds in its percentage inhibition efficiency value, owing to the presence of OH group in the para position. The adsorption process of PSC molecules on the metal surface interferes with the adsorption of the anions [68] present in the corrosive media. The anodic dissolution of iron follows the steps [79] :
Schiff bases have basic character and expected to be protonated in equilibrium with the corresponding neutral form in strong acid solutions.
Because iron surface carried positive charge, NO 3 -ions should be first adsorbed onto the positively charged metal surface according to reaction (22) . Then, the inhibitor molecules adsorb through electrostatic interactions between the negatively charged metal surface and positively charged Schiff base molecule (PSCH ? ) and form a protective (FeNO 3 -PSCH ? ) ads layer. In this way, the oxidation reaction of (FeNO 3 -) ads as shown by reaction steps from (23) to (25) can be prevented [80, 81] . During the corrosion of iron in strong acid solution, the cathodic reaction is reduction of H ? ions to molecular hydrogen according to reaction mechanism given below [79, 80] :
Because the rate of hydrogen gas evolution is directly proportional to the rate of corrosion, the measurement of hydrogen gas evolved at cathodic sites as a function of reaction time can give valuable information about starting and continuity of the corrosion. The relative speed and effectiveness of the gasometric techniques as well as their suitability for in situ monitoring, any perturbation by an inhibitor with respect to gas evolution in metal/solution system have been established in the literature [82, 83] . The protonated Schiff base molecules are also adsorbed at cathodic sites of metal in competition with hydrogen ions according to Eq. (27) . The adsorption of protonated Schiff base molecules reduces the rate of hydrogen evolution reaction [74, 79, 84] . In acidic solutions, the inhibitor can exist as cationic species (Eq. 30) which may be adsorbed on the cathodic sites of the iron and reduce the evolution of hydrogen:
The protonated PSC, however, could be attached to the iron surface by means of electrostatic interaction between NO 3 -and protonated PSC since the iron surface has positive charges in the acid medium [85] . This could further be explained based on the assumption that in the presence of NO 3 -, the negatively charged NO 3 -would attach to positively charged surface. When PSC adsorbs on the iron surface, electrostatic interaction takes place by partial transference of electrons from the polar atoms (N and O atoms and the delocalized p-electrons around the heterocyclic rings) of PSC to the metal surface. In addition to electrostatic interaction (physisorption) of PSC molecules on the iron surface, molecular adsorption may also play a role in the adsorption process. A close examination of the chemical structure of PSCs reveals that PSC molecules have structure, characterized by the presence of chelation centers mainly located on nitrogen and oxygen. From theoretical and experimental results obtained, N and O atoms are the likely sites of complexation of PSC with the Fe 2? (Fig. 14) which will result in the formation of a five-membered, redox active a-iminoketo chelate ring [86, 87] . The UV-visible absorption spectra (Fig. 2) of the solution containing the inhibitor after the immersion of the iron specimen indicated the formation of a complex with the iron surface allowing the formation of adhesive film. Such an adhesive film covered the metal surface isolating the metal surface from the corrosive media. Finally, it should also be emphasized that the large size and high molecular weight of Schiff base molecule can also contribute the greater inhibition efficiency of PSCs [6] . To present more details, the molecular orbital density distributions for five Schiff bases are shown. Figures 8 and 9 show that all the investigated Schiff bases (1-5) have very similar electronic density on their HOMO, so different inhibition effectiveness observed in five molecules cannot be explained in terms of E HOMO . However, it can be found in Figs. 7 and 8 (Table 5 ). Finally, we remark that we do not know the real structure of Schiff base films; instead these arguments are used to demonstrate the differences in inhibition efficiency of these molecules. In general, the adsorption PSC molecules at the iron electrode surface depend on the molecular size, charge distribution and deformability of the active center as well as the charge on the metal surface undergoing corrosion. Thus, the increased formation of Schiff base-metal complexes leads to the formation of an insoluble film of the complex on the metal surface, which furnishes an additional inhibitive property to that of the investigated Schiff base inhibitors (PSCs) as shown in 
Conclusions
Data obtained from quantum chemical calculations using DFT at the B3LYP/6-311??G** level of theory were correlated to the inhibitive effect of Schiff bases (PSCs). The relationships between inhibition efficiency of iron in aerated 2.0 M HNO 3 and/or 2.0 M NaOH and the E HOMO , E LUMO -E HOMO , of PSCs were calculated by DFT method. The inhibition efficiency increased with the increase in E HOMO and decrease in E LUMO -E HOMO . PSC_1 had the highest inhibition efficiency because it had the highest HOMO energy values, and it was most capable of offering electrons. The distribution of electronic density shows that the molecules of PSCs had many negatively charged active centers. The electron density was found to be positively correlated with length of aminic nitrogencontaining carbon bone chain, which was resulted in increase in inhibition efficiency. The areas containing N and O atoms are the most possible sites for bonding the metal iron surface by donating electrons to the metal. Experimental measurements and quantum theoretical calculations are in excellent agreement. Inhibition efficiency is both concentration and immersion time dependent. The high IE (%) of PSCs was attributed to the adherent adsorption of the inhibitor molecules on the iron surface, and the adsorption is spontaneous, exothermic, accompanied with a decrease in entropy of the system from thermodynamic point of view and obeys the Temkin isotherm. Polarization curves demonstrate that the examined Schiff bases behave as mixed type corrosion inhibitor in HNO 3 and cathodic hydrogen evolution reactions. A firstorder kinetics relationship with respect to the iron was obtained with and without PSC from the kinetic treatment of the data. UV-visible spectrophotometric studies clearly 
